Lanthanide-induced enhancement of the longitudinal relaxation of nitroxide radicals in combination with orthogonal site-directed spin labeling is presented as a systematic distance measurement method intended for studies of biomacromolecules and biomacromolecular complexes. The approach is tested on a water soluble protein (T4-lysozyme) for two different commercially available lanthanide labels, and complemented by previously reported data on a membrane inserted polypeptide. Single temperature measurements are shown to be sufficient for reliable distance determination, with an upper measurable distance limit of about 5-6 nm. The extracted averaged distances represent the closest approach in Ln III -nitroxide distance distributions. Studies of conformational changes and of biomacromolecule associationdissociation are proposed as possible application area of the RE-based distance measurements.
Introduction
Addressing biochemical questions usually requires a combination of multiple experimental tools, which verify and supplement each other. While X-ray crystallography and NMR spectroscopy are generally recognized as the major methods to obtain atomic-resolution structures of proteins (or other biomacromolecules), a number of spectroscopic tools has been developed to access further information on protein dynamics and folding, conformational changes, agglomeration, proteincofactor and protein-protein interactions. To give a few examples in optical spectroscopy, surface plasmon resonance [1, 2] or single molecule fluorescence, [3, 4] in particular Förster resonance energy transfer, [5, 6] can be mentioned. A particular strength of optical techniques is in observing dynamics on a single molecule level. On the other hand, electron paramagnetic resonance (EPR) spectroscopy, a sister technique of NMR, provides the most accurate long range distance measurement approaches. The EPR distance measurements are typically based on the pulse double electronelectron resonance (DEER or PELDOR) experiment [7, 8] in its dead-time free version. [9, 10] The EPR approaches do not require sample crystallization, they are not limited by the biomolecule size, and can be applied to soluble and membrane inserted biomolecules. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Long range EPR-based distance measurements can efficiently supplement X-ray [22] or NMR. [23] EPR can also be used as a stand-alone technique, especially in studies of conformational changes of large biomolecules. [24, 25] As most biomacromolecules are diamagnetic, the application of EPR techniques requires spin labeling. On proteins this is usually done by attaching nitroxide spin labels with thiol-reactive groups to engineered cysteine residues. [26] [27] [28] The advantage of such an approach is site selectivity and, as a consequence, safe assignment of the measured distance with respect to the primary structure of the biomacromolecule. The disadvantage is the relatively low information content: only one intramolecular distance can usually be accessed per sample. To enhance the accessible information per sample, one can use spectroscopically orthogonal spin labels. [29] [30] [31] [32] [33] [34] [35] [36] In particular, the Gd III -nitroxide DEER experiment has a very good performance in distance measurements and, importantly, it is possible to selectively detect each of the two types of spin labels. [32] Based on this spectroscopic selectivity, it was demonstrated that combining Gd III -chelate spin labels and nitroxide spin labels allows for selective detection of Gd III -nitroxide, Gd III -Gd III and nitroxide-nitroxide distances in the same sample, [34] [35] [36] which can be used to simultaneously access different intramolecular distances [34] or to obtain information on biomolecule oligomerization or aggregation. [36] The local environment of individual spin labels can be monitored at the same time. [36] These advantages can become crucial in studies of biomolecule aggregation, protein-cofactor and protein-protein interactions or association-dissociation of biomolecular complexes.
In this paper we discuss another lanthanide-based approach for distance measurements in EPR, based on the enhancement of nitroxide radical relaxation in the presence of fast relaxing lanthanide ions. [37] [38] [39] While several EPR studies were reported, where fast relaxing agents were naturally present in biomacromolecules, [40] [41] [42] [43] [44] the site-directed introduction of EPR relaxation agents and corresponding distance measurements have not yet been examined in detail. This approach is similar to the paramagnetic relaxation enhancement (PRE) approach in NMR, but due to the larger magnetic dipole moment of nitroxide radicals, as compared to any magnetic nuclei, the relaxation enhancement (RE) approach in EPR might access longer interspin distances than PRE. Importantly, stochastic and static dipolar interactions manifest themselves differently and thus require quite different pulse experiments for their detection. While in DEER distance measurements the upper distance limit is determined by the transverse relaxation time T 2 of the observer species, it is limited by the longitudinal relaxation time T 1 in RE techniques. As a result, RE experiments can potentially be combined with the DEER-based distance measurements, thus further increasing the available information content. Development of lanthanide-based techniques in NMR, such as PRE or pseudo-contact shift measurements, where important contributions were made by Ivano Bertini and coworkers, [45] [46] [47] [48] [49] allows one to suggest a combination of EPR-based and paramagnetic NMR-based long range distance measurements as a possible future tool in structural biology.
Methods for lanthanide labeling benefited from the development of paramagnetic NMR techniques. [50, 51] On the other hand, orthogonal labeling with both lanthanide ions and nitroxide radicals is much less developed. If non-identical biomolecules can be labeled prior to their association into a complex, orthogonal labeling can be a relatively easy task. For smaller monomeric molecules one or more paramagnetic centers can be synthetically built. [36, 39] Specific properties of a certain protein, as, for instance, protection of a labeling site by substrate binding, could be used for orthogonal labeling. [52] An approach that uses unnatural amino acids for nitroxide labeling [53] and a thiol-specific reaction for lanthanide labeling is currently the only tested systematic protocol of orthogonal chemo-selective spin labeling of large monomeric protein molecules. [54] While the same orthogonal labeling approach is used in this work, it is worth mentioning that further advances in the area of chemo-selective orthogonal spin-labeling can make even stronger impetus to spectroscopically orthogonal distance measurements in EPR.
This work is based on the detailed spectroscopic investigation of the RE-based distance measurement technique on a different model system. [39] Here we aim to establish the RE approach as a systematic distance measurement tool in bio-EPR applications by addressing problems that arise in potential routine application of the approach. In particular, we discuss how to reduce the effort required to measure a single distance. Performance of the RE approach for membrane inserted [39] and soluble (this work) biomolecules is compared. The optimal experimental conditions, type of obtained distance constraints, and potential applications of the RE approach are discussed.
The ability of lanthanide ions to substitute each other in chelate complexes [55] allows for calibrating lanthanide-induced RE distance measurements against Gd III -nitroxide DEER. This approach has been already used in our study of membrane inserted synthetic WALP23 polypeptides. [36, 39] In this work we analyze RE in orthogonally labeled water-soluble T4-lysozyme, for which Gd III -nitroxide DEER data were recently reported.
[54] 
Extraction of Distance Information from Longitudinal RE Data
The shape of the nitroxide echo-detected (ED) EPR spectrum and the detection positions in the inversion recovery (IR) experiment are shown in Figure 1 .
The RE value Δk is defined as the difference of the inverse relaxation times of a slowly relaxing species in the presence T 1s and absence of a fast relaxing species T 1s,0 .
In the data processing we use factorization [38, 56] of a longitudinal magnetization decay trace into a product of a non-perturbed decay V 0 (t) and an additional Dy III -induced RE-decay V k (t):
This factorization is exact for a single type of slowly relaxing species and it is a fairly good approximation in case of the distribution of non-perturbed longitudinal relaxation times.
[39]
The main data processing steps are illustrated in Figure 2 . The primary (IR) times traces were measured until 1% of their initial value and rescaled to the standard interval [-1,0] by reference measurements of the echo intensity in the absence of the inversion pulse, c.f. Figure 2 each particular nitroxide label site the IR time trace of the Dy III -labeled sample was divided by the corresponding time trace of a Lu III -labeled sample, detected at the same temperature, c.f. Figure 2 (C). The resulting RE time trace contained contributions from intra-and intermolecular RE. The intramolecular contribution is responsible for the fast initial decay of the signal. In an ideal situation of 100% Dy III labeling this contribution would lead to the signal decay down to zero, whereas in the presented experimental series we observed decays down to values ≈ (0.6 − 0.8), indicating incomplete Dy III labeling. The remaining signal comes from molecules not labeled with a Dy III and thus reflects the intermolecular RE. This slowly decaying intermolecular contributions were fitted by low order (1st to 3rd) polynomial functions and subtracted from the RE traces. The final intermolecular RE time traces were rescaled and fitted by multiexponential fit curves to extract 1/e times that were used as a measure of the average relaxation enhancement Δk. For a single Dy III -nitroxide distance it has been shown [38] that summing up all the orientations of the Dy III center and neglecting the weak g-and A-anisotropy of nitroxide radicals results in an average 1/e time τ 1 and corresponding RE value Δk that scales with the inverse 6 th power of the interspin distance:
The anisotropies of resonance frequency for the fast (Dy) and slowly (nitroxide) relaxing species 4 enter the averaging in Eq. 3. While the anisotropy for Dy III centers is strong enough and is thus taken into account in the averaging procedure, the anisotropy for nitroxide radicals is rather weak and can be safely neglected. The result of RE measurements is thus essentially independent on the detection position within the nitroxide spectrum. Note also that no corellation between the orientations of nitroxide and Dy III labels was observed in the reference Gd III -nitroxide DEER experiments. [54] For a sample with a distribution of Dy III -nitroxide distances the 1/e time obtained according to Eq. (3) corresponds to an averaged distance which somewhat underestimates the actual mean distance extracted from the reference Gd III -nitroxide DEER measurements. [39] Our T4-lysozyme data presented in the Results section confirm this observation. The averaged relaxivity C (T 1f ) can be fitted to the temperature dependent RE data, assuming a single T 1f time for all Dy III species with a power-law dependence on the temperature: [38, 39] 
While the Eq. 4 is phenomenological and does not give direct insight into the dominating Dy relaxation mechanism, it suffices for the description of RE data in the relevant (limited) temperature range. [38, 39] The parameters T max and p determine the maximum RE temperature and the width of the bell-like RE temperature dependence, but do not affect the vertical scaling of the RE curve. The Dy III -nitroxide distance, in turn, exclusively affects the vertical scaling and has little effect on the shape of the RE curve. [39] Still, some change of the RE curve was observed for samples with a large fraction of Dy III -nitroxide distances below 2 nm, for which the distribution of T 1s times should be particularly broad. [39] Note also the 10-15% precision of the Δk values and the smooth maximum of the RE temperature dependence. This results in rather large uncertainty for the T max and p. The parameter A can be computed from the detection frequency and from the g-tensor of Dy III centers. A typical value for A at X band for Dy III -nitroxide pairs is ∼ 10 −11 s. Variation of A leads to some mismatch between the actual maximum RE temperature and the parameter T max , but does not affect the following distance determination. The fitted values of T max , p and A for all four samples are listed in Table 1 . The g-tensor of Dy III species determines their resonance frequency at each orientation with respect to the external magnetic field. The magnitude of RE depends on the resonance frequencies of fast and slowly relaxing spins. In the RE value (Δk) the angular dependence is averaged out, but Δk is still dependent on the eigenvalues of the Dy III g-tensor. The CW EPR spectra of [Dy(EDTA)] and [Dy(DOTA)] complexes were measured experimentally and in both cases the spectra are consistent with an axial g-tensor with g || ≈ 15 and g ⊥ ≈ 4.2. [39, 57] Due to the chemical similarity between EDTA, DTPA and DOTA and because for two of these chelators corresponding g-tensors seem to be very similar, we assumed in calculations an axial g-tensor with g || ≈ 15 and g ⊥ ≈ 4.2 for [Dy(DOTA)] and for [Dy(DTPA)]. It was also tested that rather large variations of the g-values produce very small deviations in computed RE. [38] 
Results
Temperature dependencies of Dy III -induced RE for the two studied mutants and for both types of Dy III labels are shown in Figure 3 . The corresponding extracted distances are compared to the reference Gd III -nitroxide DEER data [54] in Table 2 . For Gd III -nitroxide DEER the mean distances as well as the widths of the distance distributions are given, whereas the RE approach currently allows only for the determination of an average distance. The relative contributions of the intramolecular RE are also given in Table 2 (in percents). One can see that the Dy III -labeling efficiency varied between 18% and 34%, in a fairly good agreement with previously estimated Gd III labeling efficiencies on the same T4-lysozyme mutants. [54] The [54]
The RE contrast is defined as the ratio of the averaged RE Δk and the inverted longitudinal a Mean distance (r) and FWHM (2ξ = FWHM) from Gd III -nitroxide DEER. [54] b Averaged over all RE traces at different temperatures.
relaxation time (k 0 = 1/T 1s,0 ) of nitroxide raticals in the absence of fast relaxing agent. This value, measured for a particular Dy III -nitroxide distance, allows estimation of the longest accessible distances for the given label pair, since a minimum RE contrast of ∼ 0.5 is required for reliable RE measurement, [39] and since for a given k 0 the RE contrast has the same distance dependence as the Δk value. Taking into account the RE contrasts at 80 K for the two studied mutants ( Figure  4 ) and the obtained distances of about 3 nm, as well as the limiting contrast of Δk/k 0 ≈ 0.5 one can conclude that distances up to ∼ 5 nm should be accessible with this method. This estimate is close to the one obtained with the membrane spanning α-helical WALP23 polypeptide. [39] 
Discussion
While labeling efficiency of Ln III labels is not so easy to assess from Gd III -nitroxide DEER measurements, [54] it can be directly extracted from the Ln III -induced RE data ( Figure 2 and Table  2 ). By combining RE experiments with Gd III -nitroxide DEER to measure the nitroxide labeling efficiency, one can selectively determine the labeling efficiencies for both types of spin labels. This type of measurements offers a useful flexibility in association-dissociation experiments, especially in the case of excess of some type of complex-forming biomolecules.
The use of Lu III -labeled samples for diamagnetic reference in this study was mainly driven by the easy dimerization of T4-lysozyme. In a general case additional diamagnetic labeling is not required, because typically the presence or absence of a diamagnetic label at some remote site does not induce any measurable change on the relaxation of nitroxide spin labels. Thus, the singly nitroxide labeled sample before the Dy III labeling could be used as a diamagnetic reference, and preparation of a separate reference sample could be avoided.
The distance range accessible by the presented method is similar to that of DEER on membrane exposed nitroxide radicals, [20] but it is reduced compared to the distance range accessible by DEER for soluble proteins, especially in deuterated solvents. [58] Importantly, the RE-accessible distance range appears to be rather stable with respect to the nitroxide environment: the Δk values obtained for the Dy III -nitroxide distance of about 3 nm for water soluble T4-lysozyme (between 6 kHz and 12 kHz, Figure 3 ) and for membrane-incorporated WALP23 polypeptide (∼10 kHz) [39] are rather similar. While for the nitroxide K1-side chain at site 68 the RE contrast at the maximum of RE curve (T ∼ 80 K) is about 4, the sample with the K1 side chain at site 131 shows a RE contrast of about 6 at 80 K. The optimum RE contrast was observed at about 50-60 K for K1 at site 131 and at the lowest measured temperature (30 K) for K1 at site 68 (Figure 3) . For K1 at site 68 the RE temperature dependence had a broader maximum compared to the sample with K1 at site 131; this might explain the change in the RE contrast curve. Note that a significant part of this discrepancy could be accounted for by the uncertainty of the Δk measurements. For the membrane inserted WALP23 the RE temperature dependencies were similar to the one observed for K1 at site 131 ( Figure 3 ) and the optimum RE contrast temperature did not depend on the nitroxide site. [39] Further increase of the accessible distance range could be possible if for any other Ln III ion the optimum RE is achieved at lower temperatures, where the non-perturbed longitudinal relaxation of nitroxide radicals is slower and thus a smaller RE value is required for the limiting RE contrast of 0.5. On the other hand, for Dy III labels the optimum RE temperature is in the range between 80 and 90 K, thus the distance measurements could be performed with liquid nitrogen cryostats Comparison between distances obtained from Dy III -induced RE and Gd III -nitroxide DEER measurements. [36, 54] For RE measurements the distances are given with estimated error bars, for Gd III -nitroxide DEER measurements mean distances with ±ξ bars are plotted, compare to Table 2 . B) Temperature region for 90% of maximum value Δk max for the four T4-lysozyme samples and four WALP23 samples studied previously, [39] circles show temperatures of maximum RE. In the cases, when the upper temperature limit of the region for 90% of maximum value Δk max was above 110 K, corresponding data are marked with an asterisk. In both plots data are shown for T4-lysozyme in green and for WALP23 in blue.
and do not necessarily require use of liquid helium. Longitudinal relaxation of nitroxide radicals can also be tuned, for instance, by substituting the geminal dimethyl groups by spirocyclohexyl moieties.
[59] Such modifications of nitroxide radicals could lead to improved RE contrast and, thus, to a broader accessible distance range.
The DEER experiment is capable of measuring distance distributions, whereas the RE method in its current state of development provides only averaged distances. Yet, while we only made single distance extraction in this study, the measurement of two sufficiently different distance peaks or estimating the width of a broad distance distribution is not excluded in the RE experiment.
Based on the RE data obtained on membrane inserted WALP23 polypeptides [39] ([Dy(DOTA)] labels) and on orthogonally labeled water soluble T4-lysozyme ([Dy(DOTA)] and [Dy(DTPA)] labels, this work), one can draw some preliminary conclusions on the performance of the RE-based distance measurements. Figure 4 (A) correlates distances obtained from Gd III -nitroxide DEER and from Dy III -induced RE. The presented correlation reveals that RE measurements underestimate the actual Ln III -nitroxide distances and that deviation between RE-based distance and the actual mean distance tends to increase for longer Ln III -nitroxide distances. Such a behavior implies some underlying physical mechanism, which could be speculatively attributed to an indirect pathway relaxation enhancement, most probably via the acceleration of proton relaxation in the vicinity of paramagnetic centers. [39, 60] Such type of distance information might be of particular interest for monitoring conformational changes of biomacromolecules or association/dissociation events. A calibration of RE distances against reference DEER data might further improve the precision of these distance measurements and allow for the direct use of RE data as quantitative distance constraints.
As the distance is extracted exclusively from the vertical scaling of the RE curve, it is not necessary in routine applications to measure the entire temperature dependence. Figure 4 (B) shows temperature ranges, where RE exceeds 90% of its maximum value. This corresponds to 1-2% underestimation of the Dy III -nitroxide distance, which can usually be tolerated, since other uncertainties in interpretation of distances are larger. One can see that a rather broad temperature range is available in this case and that temperatures between 75 K and 85 K are always close to the maximum of RE temperature dependence. This implies that for a distance measurement with practically sufficient precision, RE data at a single temperature are sufficient. From the presented set of data, the temperature of 80 K can be recommended for such single point RE measurements.
4 Conclusions
The presented RE-based distance measurement approach is systematically applicable and does not rely on the presence of native fast relaxing centers in the biomolecule under study. The experimental evidence obtained so far indicates that the RE-based approach is rather robust, can be performed as a single temperature measurement, and works well in a broad labeling efficiency range. The results indicate that the approach will be applicable in studies of protein association-dissociation or conformational changes of proteins/protein complexes. With the same labeling both RE and DEER distance measurements can be performed. Since sample production requires much greater effort than the spectroscopic measurements, both RE and DEER experiments should be performed in application work to benefit from complementary information.
In the present work we only extracted a single closest approach distance from RE time traces. Due to a strong change of RE with the Ln III -nitroxide distance, extraction of more detailed distance information might be feasible, most probably with lower resolution than in DEER experiments. Work along these lines is currently in progress.
Experimental Section

EPR Measurements
Pulsed EPR measurements were carried out at X band (9.3 -9.4 GHz) on a Bruker ElexSys 580 spectrometer equipped with a Bruker split-ring resonator (ER 4118X -MS3). Temperature stabilization was performed with a continuous flow He cryostat (ESR900, Oxford Instruments) equipped with an Oxford Instruments temperature controller ITC 503S. A temperature range from 30 K to 100 K was covered in 10 K steps. The relaxation enhancement (RE) data were obtained from T 1 relaxation measurements with an inversion recovery (IR) pulse sequence (Figure 1(E) ) as described earlier [38, 39] with τ 1 = 500 ns, an inversion pulse of 12 ns and the Hahn echo detection sequence with 52(π/2)-104(π) ns pulses and interpulse delay τ 2 = 200 ns. The inversion pulse was set to the largest reproducibly possible bandwidth to ensure least effect of spectral diffusion on the measured IR trace. It was shown that already with inversion pulse of 32 ns a fairly good agreement between IR data and, presumably spectral-diffusion-free, saturation recovery data could be achieved. [38] Echo-detected (ED) EPR spectra were recorded with a 16(π/2)-32(π) ns Hahn echo sequence with an interpulse delay of 200 ns.
Sample Preparation
The sample preparation procedure combines previously established protocols. [36, 53, 54] Chemicals. The following acronyms will be used: DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; DTPA, diethylene triamine pentaacetic acid; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; MOPS, 3-(N-morpholino)propanesulfonic acid; Xylenol Orange, 3,3'-Bis[N,N-bis(carboxymethyl)aminomethyl]-o-cresolsulfonphthalein disodium salt.
Unless stated otherwise, all commercially available chemicals were used as received. Maleimido mono-amide DOTA·CF 3 COOH·HPF 6 and maleimido mono-amide DTPA·3CF 3 COOH were purchased from Macrocyclics, Dallas. Anhydrous DyCl 3 (99.99%), DTT (99%), MOPS (99.5%), sodium acetate (>99%) were purchased from Sigma-Aldrich. EDTA (>99%) was purchased from Fluka. Glycerol (99%) was purchased from Honeywell. NaCl (99.5%) was purchased from J.T.Baker. Xylenol Orange was purchased from TCI.
A MOPS (50 mm ), NaCl (500 mm ), glycerol (10% v/v), pH 6.8 buffer was used for all samples. This buffer was shown to strongly reduce the non-specific binding of Ln III complexes to the surface of T4-lysozyme. [54] Ln III -complex formation. Maleimido mono-amide (39.3 mg, 0.05 mmol, 1 equiv.) DOTA·CF 3 COOH·HPF 6 was dissolved in buffer (2.5 mL) and DyCl 3 or LaCl 3 aqueous solution (347 μL, 0.05 mmol, 1 equiv.) was added, forming [Ln(DOTA)] complex. The solution was stirred for 24 h in the dark. Un-chelated Ln III ions were determined by eye detection with xylenol orange using a modified published procedure [61] and subsequently sequestrated with the necessary amount of EDTA. The Ln III -complex solution (100 μL) was diluted with acetate buffer solution (1.2 mL, 9 50 mm, pH = 5.8) and few drops of xylenol orange solution (0.016 mm) were added. Upon adding a few drops of EDTA in water (10 mm), the solution color turned from red into orange indicative of the disappearance of Ln III aquo-ions. For [Ln(DTPA)] complex formation maleimido mono-amide DTPA·3CF 3 COOH ((28.2 mg, 0.03 mmol, 1 equiv.)) was dissolved in buffer (1 mL) and LnCl 3 aqueous solution (228 μL, 0.03 mmol, 1 equiv.) was added. The solution was treated as previously described for DOTA.
Protein Preparation and Labeling. Protein preparation and nitroxide labeling were performed according to Fleissner et al. , [53] and lanthanide labeling was performed according to Garbuio et al. [54] The Dy III -nitroxide orthogonal labeling approach was tested on two double mutants of bacteriophage T4-lysozyme with a genetically encoded unnatural amino acid p-acetyl-L-phenylalanine (p-AcPhe) either at site 68 or at site 131 and a cysteine at position 109. The acetyl group of the residue p-AcPhe was reacted with the hydroxylamine pendant of a nitroxide radical to give rise to a ketoxime-linked nitroxide side chain K1 (Figure 1) . In each mutant the cysteine at site 109 was used for binding of the Dy III -based spin label. Two different commercially available functionalized chelators, maleimido-monoamide DOTA and maleimido-monoamide DTPA, were used to efficiently trap Dy III ions. The resulting chelate complexes, [Dy(DOTA)] and [Dy(DTPA)] − were then covalently attached to the protein through the chemo-specific reaction between the maleimido moiety and the cysteine sulfhydryl (Figure 1) .
A T4-lysozyme sample (30 μL, 250 μM) stored at -80 • C in a 1/1 v/v water / glycerol mixture was diluted with buffer (130 μL) and with a freshly-prepared DTT buffer solution (10 μL, 10 mm) and incubated for 1 h at 4
• C to dissociate protein dimers. The solution was subsequently washed with buffer (3x500 μL) in a 5 kDa centricon. Afterwards, the sample was concentrated (to 50 μL) and Dy III -maleimido complex (DOTA or DTPA) buffer solution (0.7 μL, 26.7 mm, 3 equiv.) and additional amount of buffer (150 μL) were added. The solution was incubated for 1 h at r.t. and then washed with buffer (3x500 μL) in a 5 kDa centricon and concentrated to 100 μL. K1 spin concentration was checked by CW EPR. Samples were further concentrated (to 25 μL), glycerol (25 μL) was added, and the samples were filled into EPR quartz tubes of outer diameter of 2.95 mm. As the presence of dissolved oxygen may affect RE measurements, dry nitrogen was blown over each sample before immersion of the sample tube into liquid nitrogen. It was previously shown that such treatment significantly reduces the effect of paramagnetic oxygen on the Dy III -induced RE.
[60] After preparation, samples were stored in liquid nitrogen.
To provide a diamagnetic reference, protein samples labeled with [Lu(DOTA)] were prepared for each T4-lysozyme mutant analogous to the described Dy III -labeling procedure. As the longitudinal relaxation of nitroxide radicals in the absence of Dy III is mainly determined by their local environment, the use of [Lu(DOTA)] label as a diamagnetic reference is feasible for both [Dy(DOTA)]-and [Dy(DTPA)] − -labeled samples.
